In this pilot study for the first time, ancient DNA has been extracted from bone remains of Salmo trutta. These samples were from a stratigraphic succession located in a coastal cave of Calabria (southern Italy) inhabited by humans from upper Palaeolithic to historical times. Seven pairs of primers were used to PCR-amplify and sequence from 128 to 410 bp of the mtDNA control region of eleven samples. Three haplotypes were observed: two (ADcs-1 and MEcs-1) already described in rivers from the Italian peninsula; one (ATcs-33) belonging to the southern Atlantic clade of the AT Salmo trutta mtDNA lineage (sensu Bernatchez). The prehistoric occurrence of this latter haplotype in the water courses of the Italian peninsula has been detected for the first time in this study. Finally, we observed a correspondence between frequency of trout remains and variation in haplotype diversity that we related with ecological and demographic changes resulting from a period of rapid cooling known as the Younger Dryas.
Introduction
The Pleistocene (from 2.58 to 0.0117Ma, [1] ) is a geological epoch characterized by repeated glacial-interglacial cycles that caused drastic environmental changes and impacted the distribution range and the genetic diversity of species and populations [2] . During glacial periods, the expansion of ice sheets forced north-temperate species to move southward and survive in warmer refugia, the same species moved northwards in interglacial phases to recolonize their previous habitat. This process lead to "southern richness and northern purity" in north-temperate species biodiversity [2, 3] . Species unable to shift their distribution range or adapt to the new environmental conditions became extinct at local or global scale [4, 5] . series of remains referable to the presence of a human settlement from the late Pleistocene to the Holocene. In this succession, three different climatic phases can be recognised: i) the Bølling-Allerød interstadial, a warm period at the end of the Pleistocene (c. 14,700-12,700 cal yr BP), ii) the Younger Dryas (YD) stadial, a period that lasted 1,300 (±70) yr, characterized by cold climatic conditions and droughts, which occurred between approximately 12,800 and 11,600 cal yr BP, and iii) the Preboreal oscillation of the early Holocene (c. 11,500 cal yr BP).
In this study, bone remains of trout were selected from the stratigraphic succession of GSM. aDNA was extracted from these remains and the variation of a portion of the mtDNA control region (D-loop) was analysed in order to verify if genetic diversity changes occurred in the period of time encompassed by the stratigraphic succession analysed. The mtDNA genetic diversity observed was then compared with S. trutta abundance [40] and paleoclimatic reconstructions.
Materials and Methods
Salmo trutta bone samples used in this study were collected between 1957 and 1970 during the excavation of GSM [39] and provided to us by the Istituto Italiano di Paleontologia Umana (Is.I. P.U.). A total of 12 brown trout sub-fossil bone remains were collected for this study. This brown trout bone collection is housed at the storage facilities of Is.I.P.U., [Piazza Ruggero Bonghi 2, 03012 Anagni (FR), Italy]. The permit for studying and using the above samples was issued by Fabio Parenti of the Scientific Comittee of Istituto Italiano di Paleontologia Umana, on March 14th, 2014. This cave is located on the slopes of Monte Vingiolo, Praia a Mare village (Cosenza, Italy), at c. 50 m above sea level and not far from the mouth of the Noce River (Fig 1) . The excavation exposed a stratigraphic succession about 12 m thick that contained several Pelistocene-Holocene mtDNA Variability in Brown Trout faunal and artifact remains. The finding shows that GSM was occupied by humans at least from the late Upper Paleolithic (around 14,200 cal yr BP) to historical times. This stratigraphic succession was divided into ten distinct archaeological layers which correspond to different periods when the cave was inhabited, as reported by Alessio et al., [42, 43] , from top to bottom: I, Roman period; II, Bronze age; III, Eneolithic; IV, period not identified; V, late Neolithic; VI, VII and VIII, Middle Neolithic; IX, Mesolithic and X, Upper Paleolithic. Each layer was subdivided into stratigraphical spits (or sections) numbered with Arabic numbers from 0 (top) to 72 (bottom) and, for some of them, samples of charcoal, charred bones or shells were radiocarbon dated by Alessio et al. [42, 43] . To establish the correct temporal occurrence of our samples, radiocarbon dates estimated for sections from which the samples were obtained were calibrated using the CalPal software [44] , CalCurve: CalPal2007HULU (for charcoal and charred bones) and INTCAL 04 Marine [45] (for marine shells). This work was focused only on the Upper Paleolithic layer (X) and a part of the Mesolithic one (IX) in which a lot of S. trutta remains (8,290 specimens) were found, especially concentrated in the sections from 65 to 39 [40] .
A total of 12 Salmo trutta bone samples (Fig 2 and Table 1 ) were selected from eight stratigraphical sections. During laboratory analyses the bone remains were divided into two groups (six bones per group) and then, for each group, DNA extraction, PCR amplification and sequencing were performed in two distinct periods of time. This was done to test the validity of results. Either half of a large bone or a whole small bone was processed for aDNA extraction using a modified silica-spin column method [29] . The initial physical-chemical decontamination step was modified as proposed by Speller et al. [30] , and the bone powder from each sample was subdivided to have three extraction replicas. After the DNA extraction, a 633 bp fragment of the mitochondrial DNA, including 85 bp of tRNA Pro-gene and 548 bp of mtDNA D-loop, was amplified using six overlapping pairs of primers (Fig 3 and Table 2 ). An additional primer set (StCR-7) was designed to amplify a consecutive but not overlapped Dloop region with a mutation characteristic of the South European Atlantic clade of S. trutta (i.e. AT3-3 clade sensu Cortey et al. [19] ).
Each mtDNA fragment was amplified for every sample in a separate 25 μl PCR reaction containing 1X PCR buffer, 1.5 mM MgCl 2 , 0.08 mM of each dNTP, 0.48 μM of each primer, 4 U Platinum Taq DNA Polymerase (Invitrogen) and 3 μl of DNA extract. PCR was performed in a BIO RAD T100 Thermal Cycler with a 7 min initial denaturation at 94°C, followed by 60 cycles at 94°C for 20 s (denaturation), 53.9°C for 30 s (annealing), 72°C for 40 s (extension), and a final extension at 72°C for 7 min. All amplicons were visualized on 2% agarose gels to evaluate success and quality of amplification. PCR products were purified by EXOSAP and Sanger sequenced with both forward and reverse primers using an ABIPRISM 3730XL DNA sequencer. To validate our results, PCR amplification and sequencing were performed twice, from different extraction replicas of each sample. To avoid contamination, DNA extraction and PCR preparation were performed in a dedicated laboratory [46, 47] , in which modern trout DNA had never been introduced. Furthermore, the setting of the laboratory and the preparation of all working phases followed many of the recommendations from Knapp et al. [48] to prevent DNA contamination. Each step was performed in two different laboratory hoods in order to spatially separate extraction and PCR preparation phases. Each sample was manipulated and processed individually from the DNA extraction to sequencing with no overlapping steps in samples handling. Other precautions to prevent human-DNA contamination were adopted like wearing full body disposable suits, laboratory dedicated shoes, face masks and gloves. All working surfaces were washed with 10% bleach and UV-lighted for 20-30 min before and after any work session. Dedicated pipettes, filtered pipette tips, laboratory plasticware, glassware and reagents, were irradiated with UV in the same way as the working surfaces.
In order to avoid the use of thermal cycler already used for PCR amplifications of modern trout DNA, a separate room for PCR was provided with a brand new thermal cycler that was cleaned before every amplification with 10% bleach and, after some minutes, rinsed with pure sterile water. To detect any possible contamination, extraction and PCR-negative controls were performed in all cases [46] . The sequences of all fragments were assembled to give a partial mtDNA control region sequence. The assembled sequences were first analysed by BLAST [49] to obtain preliminary taxonomic identifications. Subsequently, aDNA sequences obtained in this study were aligned with six modern Salmo trutta sequences found in GenBank using CLUSTALW [50, 51] . The classification into the main brown trout mtDNA lineages was based i) on the diagnostic nucleotide state of character observed in polymorphic sites and ii) a haplotype network based on the 
410 bp mitochondrial DNA data set composed of 125 modern (see S1 Table) and our three ancient haplotypes using the TCS method [52] in PopART v1.7 [53] .
Results

Genetic analyses
After PCR amplification and sequencing of seven fragments a total of 410 bp at the 5' end of the mtDNA control region was successfully reconstructed for six samples out of 12. For five samples, we were able to amplify from three to six of the seven fragments, while for one sample we failed in all PCR attempts (S2 Table) . The samples with the highest number of missing amplified fragments were the most recent one (V44) and the two oldest (TP65 and Pr65) (see Table 3 and S2 Table) . The worst amplification success was observed for fragment 2a. In this case the use of a new primer set (StCR-2c) allowed the amplification of a region shorter than 2a (Fig 3 and S2 Table) .
The BLAST search performed for all the sequences obtained showed that all the bone remains analysed here belong to S. trutta individuals, consistent with morphological identification of bone samples carried out by Durante [40] . The comparison with modern brown trout D-loop sequences found in GenBank highlighted the presence of nine variable positions, which allowed the identification of three different haplotypes already described in the literature: MEcs1, ADcs1 [54] and ATcs-33 [19] (Table 3 ). The oldest sample TP65 was identified as the ATcs-33 haplotype on the basis of the state of character observed at the nucleotide positions 15,775, 15,809 and 16,193 of the sequence assembled from the five segments amplified. The classification of the sample V44 was more difficult due to the presence of only three variable sites (positions 16,052, 16,053 and 16,066) which allowed its attribution to the Atlantic lineage 
Diagnostic sites are numbered with reference to the brown trout complete mitochondrial genome (GenBank accession no. AM910409.1) and were obtained by aligning our ancient D-loop sequences against reference sequences from GenBank (in bold). GenBank accession numbers are in brackets.
Dashes (-) indicate missing data due to sequencing failure. but not to a specific haplotype. However, due to the observation of the sole haplotype ATcs-33 in the rest of the Atlantic samples we also attributed this haplotype to the sample V44. The above classification was also confirmed by a statistical parsimony haplotype network (Fig 4) . In fact, the three haplotypes detected from ancient trout were classified into three different clusters. The nucleotide sequences obtained by the specimens V62, M62 and M57 were identical to the partial haplotype MEcs-1. In addition, the haplotype MEcs-1 occupied a central position in a star like structure characterizing the ME lineage. In a similar manner, the specimens PT57 showed a nucleotide sequence identical to the partial haplotype ADcs-1. Also in this case, we detected this haplotype in the centre of a star like figure for the AD lineage. Finally, the specimens Pr50, M50, M48 and V46, showed the same nucleotide composition of the partial haplotype ATcs-33. In the parsimony network this latter haplotype represented the basal haplotype of a star-like cluster composed by the haplotypes already classified by Cortey et al. [19] into the southern Atlantic clade AT3-3.
Correlation of DNA data to Greenland Ice-Core (GRIP)
The CalPal calibration (Table 4) allowed to refine the age of the interval studied (10,850 and 7,555 years BP, not calibrated) between 12,820 and 8,340 cal yr BP. The correlation between our DNA data and the paleoclimatic reconstruction based on the δ18O of the Greenland IceCore (GRIP) is shown in Fig 5. The comparison with the paleo-temperature shows that our samples encompass three different climatic phases: i) the Bølling/Allerød (warm and wet); ii) the Younger Dryas (cold and dry, hereafter YD); and iii) the Preboreal oscillation (a climate reversal) (e.g., [55] ), which mark the transition from Pleistocene to Holocene. In particular, in the oldest sample (TP65, about 12,820 cal yr BP), which falls within an interval characterized by a transition from warm temperature (as evidenced by low δ
18 O values, related to the Bølling/Allerød interstadial) to the start of the cold YD, we observed the haplotype ATcs-33 (Table 4 and Fig 5) . In more recent strata, we observed the haplotypes MEcs-1 (samples: V62, M62 and M57) and ADcs-1 (PT57) ( Table 4 and Fig 5) . The time interval of these strata correlated to the YD cold stadial (about 12,800-11,600 cal yr BP) and probably to the Preboreal Oscillation, a climate reversal due to the melt water flow originated after the abrupt drainage of glacial Lake Agassiz [55] Table 4 and Fig 5) . This last interval identifies the beginning of the warmer Holocene climate persisting nowadays.
Discussion
Validation of the results and criticisms
The main criticisms to this study might relate to: i) the small sample size and ii) the scarcity and degradation of extracted DNA from archaeological samples. As for the first issue, obtaining samples from which aDNA can be extracted is challenging, especially because during laboratory analysis the samples must be destroyed. Consequently, the limited availability of larger Details and radiocarbon dates of samples from different layers and sections of the stratigraphic succession from GSM e.g., [42, 43] . In bold, the results of radiocarbon dates calibration using CalPal software [44] sample sizes is unavoidable in such studies. As for the second issue, we retain our results reliable as: i) we avoided contamination during DNA extraction and PCR by mean of a specific decontamination protocol (see material and methods), ii) we obtained comparable haplotypes from different samples of the same layer and from different extraction replicas of the same samples, iii) we observed the haplotype ATcs-33 never observed before in the modern samples analysed in our laboratories (in case of contamination we would expect to find the haplotype ATcs-1, or similar domestic haplotypes) and iv) the absence of new mutations and/or chimera sequences suggests that the sequence analysis presented in this study is not altered by the typical PCR errors generated by aDNA lesions.
mtDNA diversity of the Paleolithic Mediterranean trout
The analysis of genetic diversity of mtDNA extracted from skeletal remains of trout revealed the presence of three different brown trout phylogenetic lineages: ME, AD and AT. In particular, for the lineages ME and AD we observed the basal haplotypes (MEcs-1 and ADcs-1) of both lineages in agreement with the wide geographical distribution of these mtDNA variants shown by previous studies [17, 54, 56] . According to Cortey et al. [54] , the wide geographic distribution of MEcs-1 and ADcs-1 and their location at central position in star-like phylogenies fit well with a sudden demographic expansion for both lineages. As an example, paleontological data from the Mediterranean area show that salmonids varied their range by activating migratory tactics in colder climatic periods. In particular, the study of fossil remains from Iberian Peninsula suggested that during glacial intervals brown trout occupied river portions in lowland areas currently dominated by thermophilic fish species [34] . This example suggests a similar scenario during the Pleistocene to explain the natural presence of the AT lineage in southern Italy. In fact, the haplotype ATcs-33, belonging to the so called "southern Atlantic clade" AT3-3, [18] and already observed in Mediterranean rivers (Spain, North Africa and Sicily, [19, 56, 57] ), was detected in the present study. This haplotype also shows a central position in a star-like phylogenetic network and a pattern of nucleotide diversity indicating a relatively recent origin, about 100,000 years ago [56] . We therefore suggest that the beginning of the last glacial interval represented an important opportunity for this pioneer clade to expand its range in the Mediterranean basin. The recovery of this Atlantic haplotype among Upper Paleolithic remains of GSM shows that the expansion of the southern clade AT3-3 was not limited to the rivers of South-eastern Sicily; instead it moved northwards in the Mediterranean basin.
The results of this study also show that different haplotypes occur in different sections and layers of the stratigraphic succession. The oldest samples here analysed (about 12,820 cal yr BP) were characterized by the presence of haplotype ATcs-33. The haplotype composition changed between about 12,800-11,600 cal yr BP when only the "Mediterranean" haplotypes MEcs-1 and ADcs-1 were found. Finally, in the most recent layers (about 10,120-8,340 cal yr BP), we detected only haplotype ATcs-33 (Fig 5) . The changes in the haplotype composition observed (from ATcs-33 to MEcs-1 and ADcs-1, and vice versa) along the stratigraphic succession coincide with the change in the abundance pattern of S. trutta remains described by Durante [40] . In fact, the most abundant deposit of bone remains coincide with the observation of ME and AD haplotypes that in turn is related to the sudden onset of the YD (Fig 5) . However, the limited number of specimens analysed in this study do not allow us to outline strong and conclusive hypothesis concerning the paleo-ecologic dynamics occurring on S. trutta populations from southern Italian peninsula. Therefore, future analyses of a larger number of samples will allow to make sound inferences on the paleo-ecologic dynamic occurring on S. trutta populations from southern Italian Peninsula.
Concluding remarks
This is the first aDNA study performed on brown trout sub-fossil bone remains. Here, we analysed remains dating back to the Pleistocene-Holocene transition [39] , and we observed a probably correspondence between the frequency of S. trutta in the deposit and variation in mitochondrial genetic diversity. Although the scarce number of bones analysed call for caution on results interpretation we tentatively relate this variation in the genetic pattern to changes in the ecological and demographic characteristics resulting after the abrupt and short climatic event known as the "Younger Dryas" (Pleistocene/Holocene transition). The results discussed highlight how the aDNA from sub-fossil remains of salmonids can provide crucial information to link population processes with the climatic changes.
If the results of this study suggest that trout survived in the Mediterranean basin during the alternate climatic phases of Pleistocene, then we have to seriously consider the current deterioration in environmental conditions mediated by humans. Nowadays, the survival chances for modern and/or future populations to severe warming periods could be even more challenging than before because of anthropogenic factors, such as the introduction of alien taxa, freshwater habitat alteration and excessive water abstraction (e.g., [58] [59] [60] ). This study points out the importance of the archaeological DNA data to understand the complex dynamics of colonization that characterized many Holarctic species in response to climate changes which occurred during the Pleistocene. The need for an improvement of our knowledge on how species respond to climatic changes is particularly important for freshwater fishes and in particular for salmonids, especially if we take into account the current global warming and the enormous socioeconomics interests surrounding the management of local trout populations (e.g., [61] ).
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